The standard entropies S 298 • E of deep eutectic solvents (DESs), which are liquid binary mixtures of a hydrogen bond acceptor component and a hydrogen bod donor one, are calculated from their molecular volumes, derived from their densities or crystal structures. These values are compared with those of the components-pro-rated according to the DES composition-to obtain the standard entropies of DES formation ∆ f S. These quantities are positive, due to the increased number and kinds of hydrogen bonds present in the DESs relative to those in the components. The ∆ f S values are also compared with the freezing point depressions of the DESs ∆ fus T/K, but no general conclusions on their mutual relationship could be drawn.
Introduction
Deep eutectic solvents (DESs) are a response to the search for neoteric reaction media that are "green" and readily made from inexpensive ingredients. Such solvents should conform to the requirements from "green" solvents, namely, that waste is prevented in their synthesis and processing, no toxic materials should result from the process, materials or processes that are hazardous are avoided, renewable feedstock are preferred, catalysts are preferable to stoichiometric reagents, and degradable products and reagents are preferred, as are minimal quantities of recyclable solvents.
DESs are binary mixtures that are liquid at ambient conditions and freeze (or form glasses) at temperatures considerably below those at which the ingredients do. They exhibit a network of hydrogen bonds between an acceptor (generally a salt, but not necessarily) and a donor, and are able to dissolve a great variety of solutes. The question arises as to why these eutectics have such relatively low freezing (glass formation) points. Examples of the freezing point depression of DESs relative to the composition-pro-rated values of the components are the 1:2 eutectic of choline chloride and urea, ∆ fus T/K = 178 [1] and the 1:1 eutectic of lithium iodide dihydrate and water, ∆ fus T/K = 116 [2] . A partial answer, at least, to this query that has been suggested is the significant impact of the many different types of H-bonds existing in the DESs that could be expected to increase the entropy of the system, and thus favor eutectic formation [3] .
In the present study the standard entropies of DESs at 298.15 K and ambient pressure are calculated from data in the literature and compared with those of the components, pro-rated according to the DES composition, to obtain the standard entropies of formation ∆ f S.
The question of whether and how the entropies of formation of the DESs affect the melting properties of the DESs is explored.
The Data
The standard molar entropies of a DES (subscript E ) relative to its hydrogen bond acceptor (subscript A ) and donor (subscript D ) components can be estimated from their molecular volumes according to Jenkins and Glasser [4] [5] [6] [7] . This method has been applied by some authors to the 3 (1) where M is the molar mass of the DES or its component, ρ is its density, and v m is its molecular (formula unit) volume. DESs are treated as ionic liquids and, following Glasser [6] , the expression employed for its standard molar entropy at 298.15 K and ambient pressure, S 298 • E , is
The freezing points and the densities at 298.15 K of the DESs are taken from the author's book [2] where they are annotated. For organic components that are solid at 298 K, the standard molar entropy is, according to Glasser and Jenkins [5] ,
whereas for liquid components the values are [5] S 298
Hence, for the components before forming the eutectic solvent the sum of the entropies is
The crucial quantity for the calculation of the entropy of a component of the DES is its density ρ, from which its molecular volume v m is derived in the manner of Equation (2). The densities and temperatures of fusion of some of the components of the DESs, not available in the Handbook [10] , are from [11] [12] [13] [14] [15] [16] [17] . The crystal structures of some of the components, from which the molecular volumes are calculated as v m = v uc /Z, where v uc is the unit cell volume and Z the number of formula units per unit cell, are from [18] [19] [20] [21] [22] [23] [24] . In the cases of unconventional DESs based on salt hydrates and water as components [25] , the standard molar entropy of the DES is calculated using Equations (1) and (2) as for the conventional ones, but for the solid hydrates the value of v mA is better obtained from the unit cell volumes of the crystalline salt hydrates per formula unit [26] rather than from the salt density. For the salt hydrate/water DESs the standard molar entropy of the hydrogen bond donor liquid water at 298.15 K is 69.91 J K −1 mol −1 [27] . The standard entropies of formation of the DES are then calculated by
The freezing point depression of a DES relative to its hydrogen bond acceptor and donor components is
Note that the difference in Equation (7) has the opposite form from that in Equation (6) in order to have positive values for the depression. Table 1 is a representative list of the compositions of conventional deep eutectic solvents consisting of a quaternary ammonium salt hydrogen bond acceptor with a polyol, amide, or carboxylic acid hydrogen bond donor. Also listed are the mole fractions of the hydrogen bond accepting component, x A ; the temperature of fusion of the eutectic, T fus ; the freezing point depression according to Equation (7), ∆ fus T; the molecular volume according to Equation (2), v mE ; the molar entropy, S E ; the entropy sum of the ingredients according to Equation (6), Σ A+D S; and the molar entropy change on formation, ∆ f S. Although DESs based on quaternary phosphonium salts with various hydrogen bond donors are an important class of conventional DESs, no density or crystal structure data for their hydrogen bond acceptor components could be found; hence, they are not included in Table 1. Table 2 is a similar list for unconventional DESs consisting of a zwitterionic or a hydroxylic acceptor and a carboxylic acid donor or DESs consisting of a salt hydrate with water. Table 2 . Representative nonconventional deep eutectic solvents: their composition, x A ; temperature of fusion, T fus ; freezing point depression, ∆ fus T; molecular volume, v m ; molar entropy, S E ; the entropy sum of the ingredients, Σ A+D S; and the molar entropy change on formation, ∆ f S. 
HB Acceptor HB Donor
x A T fusE /K ∆ fus T/K vm/nm 3 S E /J K −1 mol −1 Σ A+D S/J K −1 mol −1 ∆ f S/J K −1 mol −1
Discussion
The standard entropies S 198 • E of the DESs in Table 1 are commensurate with those obtained by other workers [8, 9] on the same premise shown in Table 3 . The standard entropies of formation of DESs shown in Table 1 are also in good agreement with values calculated quantum-chemically [28] and also shown in Table 3 (the negative signs on two of the values in [27] are mistakes). The entropy changes on formation of the DESs are positive in all the cases treated. They are, on the whole, larger where the hydrogen bond acceptor component is a quaternary ammonium salt (Table 1) or a salt hydrate (Table 2 ) than for those organic DESs where this component is neutral (Table 2) . This difference cannot be attributed in the cases of the neutral acceptor components to the use of Equation (2) for the nonionic eutectic liquids rather than Equation (4) for organic liquids, the slopes with respect to v m being commensurate. The formation of the liquid DES involves an increase in entropy that may be related to the increase in the kinds and numbers of hydrogen bonds that can be formed in the binary mixtures relative to the ingredients, even if the latter are liquid themselves. Note that for the salt hydrates at least one of the ions is a strong water structure maker, even when the counter ion is a structure breaker, so that more hydrogen bonds are formed in their concentrated aqueous solutions composing the DESs. [8] It is futile to try to analyze the contributions to the total entropy of the eutectic mixture in terms of the translational, rotational, and vibrational modes of the components. These modes are generally unknown for the pure components, and all that can be said about the eutectic mixture is that the translational entropy should be reduced relative to the components in view of the more extensive hydrogen bonded network characteristic of the eutectic mixture.
The data listed in Tables 1 and 2 , being representative but not comprehensive, permit qualitative conclusions only to be drawn about the freezing point depressions ∆ fus T of the various kinds of DESs and the entropy changes of formation of the DESs from the components ∆ f S. The latter quantities are positive in all the cases, but for the conventional DESs in Table 1 , ∆ fus T diminishes with increasing ∆ f S values, whereas for the unconventional DESs in Table 2 , it increases in this direction, more for the nonionic organic DESs than for the aqueous salt hydrate DESs, but the scatter in all the cases is appreciable.
In conclusion, the question posed in the introduction-whether the entropies of the DESs compared with those of their components affects the melting properties of the DESs-cannot be answered on the basis of the data presented here. It is doubtful if a more comprehensive collection of data would be helpful in this respect, as an important obstacle in the exploration of this direction is the lack of adequate density or crystal structure data for the solid component involved in the formation of many DESs.
